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It has been suggested that four amino acids which are absolutely conserved in the nsP1 nonstructural proteins encoded
by togaviruses and in the homologous proteins encoded by plant viruses in the Sindbis virus (SV) superfamily may constitute
a ‘‘methyltransferase motif.’’ In the Sindbis virus nsP1 protein (540 amino acids) these four amino acids are represented
by His39 , Arg91 , Asp94 , and Tyr249 . Earlier, in assays of methyltransferase (MTase) activity generated in SV-infected cells,
we had shown that amino acid changes at positions 87 and 88 of SV nsP1 resulted in a 10-fold lower Km for S-adenosyl
methionine, the methyl donor in MTase reactions. Using site-directed mutagenesis we now report the expression of nsP1
in Escherichia coli, and in the infectious clone of Sindbis virus, Toto/1101, in which His39 , Arg91 , Asp94 , and Tyr249 were
changed one at a time to Ala. We also expressed nsP1 with C-terminal deletions of varying size, as well as with internal
deletions in the C-terminal portion of the protein, in E. coli. Changing His39 , Arg91 , Asp94 , or Tyr249 to Ala led to a loss of
both MTase activity and viral infectivity; however, changing Ile369 to Val, a conservative change in the carboxy-terminal half
of nsP1, had no effect on either MTase activity or viral infectivity. With respect to the deleted forms of nsP1, a carboxy-
terminal deletion of 48 amino acids was still compatible with MTase activity in vitro. However, larger deletions including
those in which the amino acids between positions 442 and 492 were deleted abolished MTase activity. q 1996 Academic
Press, Inc.
Sindbis virus (SV) is the prototype virus of the genus of this enzyme activity with nsP1 was confirmed by exper-
iments in which the expression of nsP1 in EscherichiaAlphavirus, family Togaviridae. The viral genomic RNA is
11,703 nucleotides in length and of messenger (positive) coli was shown to generate an MTase activity (Mi and
Stollar, 1991); more recently, Laakkonen et al. (1994) re-polarity (Strauss et al., 1984). Infected cells contain, in
addition to the genomic RNA, a subgenomic 26S RNA ported that the expression of Semliki forest virus nsP1 is
also associated with the generation of an MTase activity.whose sequences are colinear with the 3* one-third of
the genomic RNA (Rice and Strauss, 1981), and which, Some years ago we obtained indirect evidence, based
on work with SVMPA , a mutant whose replication is resis-like the genomic RNA, is of positive polarity. The 26S
tant to mycophenolic acid and ribavirin (Scheidel et al.,RNA serves as the message for the synthesis of a poly-
1987), which strongly suggested that nsP1 also functionsprotein, from which the structural proteins C, E2, and E1
as the RNA guanylyltransferase enzyme (Scheidel andare processed. The genomic RNA serves as the message
Stollar, 1991), i.e., the enzyme that carries out the cappingfor two polyproteins, P123 and P1234, which are proteo-
of the genomic and subgenomic RNAs. Ahola and Ka¨a¨ria¨-lytically processed, giving rise to the four nonstructural
nen (1995) have now provided experimental evidence(ns) proteins, nsP1 through nsP4 (Strauss et al., 1983).
that this is indeed the case.Both the genomic and the subgenomic positive-strand
In comparing the amino acid sequences of nsP1 pro-RNAs have a poly(A) tract at their 3* ends (Johnston and
teins encoded by different alphaviruses and the homolo-Bose, 1972) and a type 0 cap at their 5* ends (Dubin et
gous proteins encoded by plant viruses in the alphavirusal., 1979).
superfamily, Rozanov et al. (1992) observed that thereMaking use of a mutant, SVLM21 , which is able to repli-
were four amino acids which were absolutely conserved.cate in methionine-deprived Aedes albopictus cells (Dur-
In the Sindbis virus nsP1 protein, which contains 540bin and Stollar, 1985), we showed that the ns protein,
amino acids, these conserved residues are representednsP1, is associated with a methyltransferase (MTase)
by His39 , Asp91 , Arg94 , and Tyr249 . Rozanov et al. sug-activity (Mi et al., 1989; Scheidel et al., 1989) presumably
gested that for this superfamily, these four amino acidsresponsible for methylating the 5* caps of the positive-
might constitute a methyltransferase motif. We had re-strand genomic and subgenomic RNAs. The association
ported earlier that changes in the amino acids at position
87 and 88 of SVLM21 nsP1 significantly reduced the Km of
the methyltransferase activity for AdoMet (Scheidel et al.,1 To whom reprint requests should be addressed.
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FIG. 1. (A) Single amino acid changes in Sindbis virus nsP1. The solid horizontal line at the top of the figure represents the Sindbis virus nsP1
which is 540 amino acids in length. pHLW1 is the expression vector pDS56/RBSII, 6xHis with the SVLM21 form of the nsP1 insert. Also shown are
the amino acids at positions 39, 81, 91, 94, 249, and 369 and their respective codons. Below pHLW1 six mutant forms of nsP1 are represented in
which the amino acids at the above positions have been changed, one at a time, to Ala, or in the last case to Val, and the mutant codons which
were used. (B) Deleted forms of Sindbis virus nsP1. The horizontal line at the top of the figure represents the Sindbis virus sequence (nucleotides
60 to 1679) coding for the SVLM21 form of nsP1. Indicated on this sequence are the restriction sites used to construct the various deleted forms of
nsP1 which are denoted and diagrammed in the figure. pHLW1 expresses an intact SVLM21 form of nsP1. The next four vectors should express
nsP1 with C-terminal deletions of increasing size and the last two vectors should express nsP1 with an internal deletion. The predicted molecular
weights are shown to the right.
1989). These findings taken together suggest that the operator sequences, an ampicillin-resistance gene, and
is maintained only in the presence of pUHA1. Plasmiddomain(s) of nsP1 involved in methyltransferase activity
may be mainly in the N-terminal half of the protein. pUHA1 (3.7 kb) contains a lac repressor gene and a
kanamycin-resistance gene.In the work reported here, we changed, one at a time,
the His39 , Asp91 , Arg94 , and Tyr249 residues in SVLM21 nsP1 In order to express nsP1, the nsP1-coding sequence
of pSR5-42 (Mi and Stollar, 1991) was amplified by PCRto Ala and then tested the effect on MTase activity and
viral infectivity. In addition, to test the idea that the MTase with Taq polymerase (pSR5-42 encodes the SVLM21 form
of nsP1). Restriction sites for BamHI and SalI were in-activity may be associated mainly with the N-terminal
half of nsP1, we expressed and assayed altered forms cluded in the upstream and downstream primers, respec-
tively. The PCR-amplified nsP1 cDNA was first ligatedof nsP1 with C-terminal deletions of varying size, or with
internal deletions in the C-terminal part of the protein. into pCRII DNA (Invitrogen) which was then used to trans-
form E. coli. Plasmid DNA was isolated, digested withThe expression system used in this work included two
plasmids, pDS56/RBSII,6xHis and pUHA1 (Stuber et al., BamHI and SalI, and the 1.6-kb fragment containing the
nsP1 coding sequence was subcloned into pDS56/1990), and was a gift from Dr. D. Stuber. Plasmid pDS56/
RBSII,6xHis (3.4 kb) has a T5 phage promoter, two lac RBSII,6xHis, giving pHLW1. In addition, this same DNA
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which has stop codons (underlined) in all six reading
frames, was then ligated to these linearized plasmids.
The insertion of the 16 mer containing the stop codons
at the different restriction sites should result in the ex-
pression of nsP1 proteins with C-terminal deletions of
different sizes.
Plasmid pHLW2 was also digested overnight with StyI
and Eco47III or completely digested with SnaBI. The
large products so generated were then religated, to-
gether with a double-stranded 8 mer (GACGCGTC), in
order to have the sequences translated in-frame (this
sequence contains an MluI site, which is underlined).
These two constructs are referred to as pHLW2/SnaBI,
SnaB1 and pHLW2/StyI,Eco47III.
All the plasmids encoding deleted forms of nsP1 were
digested with BamHI and SalI and subcloned into pDS56/
RBSII,6xHis. The resulting plasmids are referred to as
pHLW1/StyI, pHLW1/Eco47III, etc. (see Fig. 1B).
RNA methyltransferase activity was assayed basically
FIG. 2. Expression of deleted forms of nsP1 in the E. coli M15 strain. as described earlier using GIDP as methyl acceptor
Cultures of E. coli containing pUHA1 and pHLW1 or a derivative thereof
(Scheidel et al., 1989; Mi and Stollar, 1991).were induced with IPTG and labeled with [35S]Met (4 mCi/ml) for 90
Following linearization of Toto/1101 or the various re-min beginning at 1.5 hr after the addition of IPTG. The labeled samples
were centrifuged at 47 in a microfuge for 2 min to pellet the bacteria. combinant pTotoLM21 plasmids (see Table 2) with XhoI,
The cell pellet was then resuspended in 200 ml of SDS gel sample
loading buffer containing b-mercaptoethanol. The suspension was
boiled for 5 min and then centrifuged at 12,000 rpm for 5 min at 47, in TABLE 1
a microfuge. Fifty microliters of the supernatant was fractionated on a
Methyltransferase Activity Expressed in E. coli by Various Forms7– 14% SDS–polyacrylamide gel. The gel was fixed, stained, destained,
of Sindbis Virus nsP1dried, and then exposed to an X-ray film for 2 days. Lane 1, pHLW0
(the expression plasmid without any nsP1 insert); lane 2, pHLW1 (plas-
Methyltransferase activitymid with the SVLM21 form of nsP1); lane 3, pHLW1/StyI; lane 4, pHLW1/
(cpm/80 ml of aqueous phase)EcoR47III; lane 5, pHLW1/SnaBI; lane 6, pHLW1/NdeI; lane 7, pHLW1/
Eco47III,StyI; and lane 8, pHLW1/SnaBI,SnaBI. Arrowheads indicate the
Uninduced Inducedexpressed proteins.
Clones cultures cultures
pHLW0 4176 2811
was also subcloned into pBSKS/ and pBSKS0 (Stra- pHLW1 4986 36,156
pHLW1/H39A 1276 560tagene), giving pHLW2 and pHLW3, respectively.
pHLW1/H81A 2340 1247Site-directed mutagenesis was carried out on pHLW2
pHLW1/D91A 1966 843either by the method of Kunkel (1985) or as described
pHLW1/R94A 4285 186
by Landt et al. (1990), giving pHLW2/H39A, pHLW2/H81A, pHLW1/Y249A 3275 1147
etc. These plasmids were then digested with BamHI and pHLW1/I369V 3013 28,102
pHLW1/StyI 2705 21,071SalI and cloned into pDS56/RBSII,6xHis, giving pHLW1/
pHLW1/Eco47III 1157 965H39A, pHLW1/H81A, etc. (see Fig. 1A). These plasmids
pHLW1/SnaBI 1492 1547were used to obtain transformants of E. coli strain M15
pHLW1/NdeI 4007 1634
which already contained pUHA1 (Stuber et al., 1990). pHLW1/Eco47III, StyI 3499 1407
Cells containing pUHA1 and pHLW1 or one of the muta- pHLW1/SnaBI, SnaBI 1364 916
genized forms of pHLW1 were grown in selective me-
Note. One milliliter samples of the bacterial cultures (containingdium at 377. When the OD600 was 0.8–1.0, IPTG was
pUHA1 and pHLW1 or a mutagenized derivative thereof) were collectedadded to a final concentration of 2 mM and the culture
immediately before the addition of IPTG (uninduced samples), and at 3
was grown for another 3 hr before harvesting the cells. hr after the addition of IPTG (induced samples). The cells were pelleted,
To express nsP1 with C-terminal or internal deletions, resuspended in 60 ml buffer A (100 mM NaCl, 1 mM EDTA, phenylmeth-
ylsulfonylfluoride (PMSF) (100 mg/ml), 50 mM Tris–HCl, pH 7.4), andpHLW2 was digested to completion with NdeI, Eco47III,
sonicated for 30 sec. The lysates were centrifuged (2000 rpm in aor StyI. Since SnaBI cuts nsP1 cDNA at two sites (nt 917
microfuge, 20 min, 47) and the supernatants assayed for MTase activity.and 1309), a partial digestion of pHLW2 with SnaB1 was
The counts represent radioactivity from [3H-methyl]AdoMet, the methyl
carried out. If necessary, the digested pHLW2 plasmids donor, which has been transferred to the methyl acceptor, GIDP.
were blunt-ended by filling in with Klenow fragment. A pHLWO is a shortened designation for pDS56/RBSII, 6xHis, the expres-
sion vector without any insert.double-stranded DNA, GCTTAATTAATTAAGC (16 mer),
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TABLE 2SP6 RNA polymerase (Promega) was used to synthesize
capped RNA transcripts (Mi et al., 1989). The RNA tran- Infectivity of RNA Transcripts Derived from Toto/1101 and
scripts were incubated with DOTAP (Boehringer) predi- Mutagenized Derivatives Thereof
luted (1:3) with HEPES buffer (0.01 M, pH 7.4) containing
Virus yield (PFU/ml)150 mM NaCl. Then, 8 ml of medium was added and the
(time posttransfection)mixture was used to transfect primary cultures of CEF (4
ml/60-mm dish). Samples of medium were harvested at Clones 24 hr 48 hr
the indicated times and assayed for infectious virus by
Toto/1101 3 1 108 1.3 1 108plaque formation on cultures of primary CEF (Durbin and
Toto/LM21 1 1 108 2.4 1 108Stollar, 1984).
Toto/LM21/H39A 10 10Figure 1 illustrates the various altered forms of the
Toto/LM21/H81A 10 10
SVLM21 nsP1 protein which we wished to express and Toto/LM21/D91A 10 10
test for MTase activity. In the top panel nsP1 proteins Toto/LM21/R94A 10 10
Toto/LM21/Y249A 10 10with single amino acid changes are shown and in the
Toto/LM21/I369V 2 1 108 4 1 108lower panel the various truncated or deleted forms of
nsP1 which were expressed are shown.
Note. To construct Toto/1101 with single amino acid changes in
The expression following induction by IPTG of the mu- nsP1, Toto/1101 was digested with ClaI and SacI, which cut the plasmid
tant nsP1 proteins with single amino acid changes was at nucleotides 13,552 and 2713, respectively, giving a 2.8-kb fragment
and an 11-kb fragment. The 2.8-kb fragment containing the entire cod-followed by labeling with [35S]methionine. All of the con-
ing sequence for nsP1 and part of that for nsP2 was ligated to pBSKS/,structs of the expression vector with single amino acid
which had been digested with the same two enzymes. The resultingchanges in the nsP1 insert expressed high levels of a
construct, pHLW4, was digested with HindIII (cuts nsP1 cDNA at nucle-
protein with an estimated molecular weight of 60 kDa, otides 125 and 1302), giving 1.2- and 4.4-kb fragments. The 4.4-kb
the expected size for nsP1 (not shown). Cells containing fragment was ligated to the 1.2-kb fragments which were obtained by
the HindIII digestion of pHLW2, pHLW2/H39A, pHLW2/H81A, etc. Thethe expression vector without any nsP1 insert showed
correct orientation was determined by restriction analysis. The resultingno band at this position.
plasmids were digested with ClaI, SacI, and DraI, and the ClaI–SacIFigure 2 shows the expression of the various deleted
2.8-kb fragment (see above) was ligated to the 11-kb fragment produced
forms of nsP1 following induction with IPTG and labeling by digestion of Toto/1101 with ClaI and SacI (see above). DraI was
with [35S]methionine. Lanes 1 and 2 represent cells con- included in this digestion to degrade one of the fragments which would
otherwise migrate with the desired 2.8-kb fragment. Confirmation thattaining pDS56/RBSII,6xHis without any insert and
the desired mutations were present was obtained by DNA sequencing.pHLW1, respectively; lanes 3 to 6 show nsP1 with the C-
Toto plasmids containing the various mutations are referred to as Toto/terminal deletions; and lanes 7 and 8 show nsP1 with
LM21/H39A, Toto/LM21/H81A, etc. Toto/LM21 contains the coding in-
the internal deletions. All the deleted forms of nsP1 were formation for the SVLM21 form of nsP1. Toto/1101, Toto/LM21, and the
efficiently expressed, and in amounts similar to that seen various mutagenized derivatives of Toto/LM21 were linearized and then
transcribed with SP6 RNA polymerase as previously described (Mi etwith pHLW1, which encodes the complete SVLM21 nsP1
al., 1989). The capped RNA transcripts which were generated wereprotein. Furthermore, the sizes of the proteins expressed
incubated with DOTAP and then used to transfect primary cultures ofwere consistent with the extent of the deletions shown
CEF. Samples of medium were harvested 24 and 48 hr after transfection
in Fig. 1B. and assayed for infectious virus by plaque assay.
It should be emphasized that in these experiments we
used the SVLM21 form and not our standard SV form of
nsP1, because the former is associated with significantly deletion in nsP1, only 48 amino acids. Those proteins
with larger C-terminal deletions or with internal deletionshigher levels of MTase activity than is the latter (Mi and
Stollar, 1991). lacked enzymatic activity.
From the results of other experiments (not shown) it isTable 1 shows the results of MTase assays with ly-
sates of E. coli expressing the various forms of nsP1. unlikely that the absence of MTase activity as a result of
mutations or deletions in nsP1 is due simply to insolubilityCells containing pHLW1 showed high levels of enzymatic
activity after induction with IPTG, both with respect to of the mutant proteins. In fact only a small fraction of the
total nsP1 was found in the extracts used for measurementthe uninduced cells and with respect to cells containing
the expression vector without any nsP1 insert (pHLW0 of MTase activity, whether the extract was active (pHLW1)
or not (e.g. pHLW1/Eco47III and pHLW1/SnaB1).in Table 1).
Changing any of the residues, His39 , Asp91 , Arg94 , or To learn what the effect of the single amino acid
changes in nsP1 would be on the infectivity of the virus,Tyr249 to Ala, resulted in a complete loss of MTase activ-
ity. The same was true when His81 was changed to Ala. we exchanged the mutant nsP1 cDNA coding sequences
in the plasmids shown in Fig. 1 (top) for the correspond-However, when Ile369 was changed to Val, MTase activity
was retained. ing sequence in Toto/1101. RNA transcripts were then
prepared and tested for infectivity.Of the deletion mutants, only pHLW1/StyI had MTase
activity. This is the mutant with the smallest C-terminal As expected, transfection of cells with RNA transcripts
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